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Abstract
Transient-field strengths for Mg ions traversing Gd hosts have been measured above the K-shell electron velocity. The
results support a recent model-based extrapolation of the transient-field strength and show sufficient magnitude for g-factor
measurements on exotic nuclei near the island of inversion around 32Mg produced as intermediate-energy fragments.
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Open access under CC BY license.The transient hyperfine magnetic field has been
used extensively to measure the gyromagnetic ratios of
short-lived states, mainly in stable nuclei populated by
Coulomb excitation [1,2]. Almost all of these g-factor
measurements have been performed under conditions
where the nuclei of interest move through the ferro-
magnetic medium as ions that have a velocity well
below the velocity of the electrons carried in the K
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Open access under CC BY license.shell. For an ion with atomic number Z this velocity
is vK = Zv0, where v0 = c/137 is the Bohr veloc-
ity.
The advent of accelerators that produce radioactive
beams by intermediate-energy fragmentation reactions
makes it necessary to develop the transient-field tech-
nique for ions moving much more rapidly. To exploit
the transient-field technique fully, the transient-field
strength must be studied at ion velocities that ex-
tend beyond Zv0. To date such measurements have
been performed only for C ions traversing iron hosts
[3–5].
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versing iron and gadolinium hosts were summarized
in a recent paper [6] and a model-based parametriza-
tion of the field applicable for ion velocities above
about vL = 12Zv0 (the L-shell electron velocity) was
proposed. That work made it apparent that, experimen-
tally, the transient field is virtually unknown beyond
the K electron velocity for all but carbon ions. In
this Letter we present new experimental data for 24Mg
and 20Ne ions swiftly traversing gadolinium hosts. The
measurements on Mg ions probe the high-velocity re-
gion above Zv0 and test the proposed parametrization
[6] in the region applicable for g-factor measurements
on fast radioactive beams. Transient-field strengths
were also measured for 24Mg and 20Ne probes travers-
ing gadolinium with velocities near 12Zv0. Whereas
the available data [7] concerning transient fields for
Mg in gadolinium are limited, and in poor agree-
ment with the fields found for neighboring ions un-
der similar conditions, the case of Ne in gadolinium
has been more extensively studied [8–10]. The mean
lifetimes and g factors of the 2+1 probe states are
τ = 1.04 ± 0.09 ps and g = 0.54 ± 0.04 in 20Ne,
and τ = 1.97 ± 0.05 ps and g = 0.51 ± 0.02 in 24Mg
[11–13].
The first set of measurements on 20Ne (run I) and
24Mg (run II) ions having velocities near Zv0/2 were
performed using the 12C(12C, α)20Ne and 12C(16O,
α)24Mg reactions, respectively, with 34.7 MeV 12C4+
and 38.5 MeV 16O3+ beams from the Australian
National University 14UD Pelletron accelerator. The
beams were incident, in turn, upon the same multi-
layered target consisting of 0.1 mg/cm2 natC, a thin
flashing of copper (0.02 mg/cm2) to assist adhesion,
6.2 mg/cm2 of rolled and annealed gadolinium, and
a ‘thick’ (5.65 mg/cm2) copper backing. The beam
entered the carbon side of the target and the excited
nuclei produced there recoiled through the thin copper
layer into the gadolinium layer where they experi-
enced the transient hyperfine magnetic field. After
leaving the ferromagnetic foil, the nuclei were stopped
in the copper backing layer where they experience no
further magnetic perturbations.
Emitted α particles were detected in two silicon
photodiodes, masked to expose a rectangular area
8.5 mm wide by 10.2 mm high, and placed 23.7 mm
from the target 4.0 mm above and below the beam axis
at back angles. A tantalum foil 6 µm thick coveringthe detectors served to block out backscattered beam
ions while still allowing the detection of the α particle
groups associated with the population of the lowest ex-
cited states in 20Ne and 24Mg.
Gamma rays were detected in coincidence with the
α particles using two 12.7 cm by 12.7 cm NaI detec-
tors placed 20.2 cm from the target and two ∼ 50%
efficient high-purity Ge detectors placed 15.2 cm from
the target. The Ge detectors were placed at θγ =
±120◦ to the beam axis throughout the measurements.
For the transient-field precession measurements, the
NaI detectors were placed at θγ = ±65◦, near the max-
imum slope of the particle-gamma angular correlation.
The NaI detectors were also moved through a se-
quence of angles to measure the angular correlations.
The high-velocity measurements (> Zv0) were
made following the natGd(24Mg, 24Mg′) reaction at a
beam energy of 165 MeV. Again, beams were pro-
vided by the Australian National University 14UD
Pelletron accelerator. A pilot measurement (run III)
employed a 6.0 mg/cm2 target of natGd cut from the
same gadolinium foil as used for the lower-velocity
measurements. As the total precession angle was
small, a second measurement (run IV) was made us-
ing a 16.9 mg/cm2 annealed gadolinium foil. To aid
with thermal conduction, the gadolinium foils were
sandwiched between two 12 µm thick indium-coated
copper foils having 6 mm diameter holes punched
through at the beam position. The Gd foils served both
to Coulomb excite the 24Mg beam projectiles and to
provide the ferromagnetic host in which the excited
projectiles experience the transient field.
Forward-scattered beam ions were detected in two
silicon photodiodes having, in run III, an active rec-
tangular area 9.4 mm wide by 10.2 mm high placed
33.2 mm from the target 8.0 mm above and below
the beam axis. In run IV, the detectors were masked
to expose an active rectangular area 9.4 mm wide
by 6.0 mm high. They were located 29.2 mm from
the target and 12.2 mm above and below the beam
axis.
Gamma rays were detected in coincidence with the
forward-scattered Mg ions. Again the Ge detectors
were placed at θγ = ±120◦. Since the slope of the an-
gular correlation is not a strong function of angle in
this case, the precession and angular correlation mea-
surements were performed concurrently for most of
the beam time by placing the NaI detectors at a se-
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In run IV an additional pair of 7.6 cm by 7.6 cm NaI
detectors was mounted 15 cm from the target. These
detectors were fixed relative to the larger NaI detec-
tors at the angles ±(θγ − 35◦) to the beam axis.
The targets were cooled to 90 K using liquid ni-
trogen. In all runs, the gadolinium layer of the target
was polarized by an external field of ≈ 0.09 T, the di-
rection of which was reversed automatically, approxi-
mately every 12 min, to minimize possible systematic
errors. The angular correlation data were taken with
the polarizing field present. Since the rotation of the
angular correlation due to the transient field is small,
the unperturbed angular correlations were obtained
by adding data corresponding to the same integrated
beam current for each field direction. This procedure
cancels the perturbation due to the transient field.
The magnetizations of the gadolinium foils were
measured off line with the Rutgers magnetometer
[14] and found to vary with both temperature and
applied field. Within a few percent the magnetiza-
tions track those of a single crystal magnetized along
the b axis [15]. The relative magnetizations of the
6.2 mg/cm2 and 16.9 mg/cm2 gadolinium foils were
also measured under in-beam conditions at the tem-
perature and external field values of the transient-field
studies, and with comparable beam power deposited
in the targets. For this purpose the relative static-
field precessions of the 2+1 states in 154,156,158,160Gd
were measured following excitation with 40 MeV 16O
beams. The details of this procedure will be published
elsewhere [16]. It was found that the ratio of the mag-
netizations was M16.9/M6.2 = 0.91 ± 0.04 under the
in-beam conditions, with precessions for the Gd iso-
topes in the 6.2 mg/cm2 foil in agreement with pre-
vious work [17,18]. It will be seen below that the
transient-field results obtained with this target also
agree well with published results [8,9]. The transient-
field strengths extracted from the precession data ob-
tained with the 16.9 mg/cm2 target were therefore
renormalized to reflect the same magnetization as the
6.2 mg/cm2 foil.
Fig. 1 shows examples of γ -ray spectra obtained
in run IV. The α–γ angular correlations in runs I
and II were fitted to the usual expression W(θ) =
1 + a2P2(cos θ) + a4P4(cos θ), where a2 and a4 are
free parameters. The data and fit for the 20Ne mea-
surement (run I) are shown in Fig. 2.Fig. 1. Gamma rays recorded in coincidence with forward-scattered
24Mg ions in run IV. The upper panel shows the total spectrum ob-
tained in the Ge detector at 120◦ to the beam; the lower panel shows
the spectrum obtained in the NaI detector at 65◦ to the beam. The
shift in the peak energy due to the Doppler effect is clear, as is the
Doppler broadening in the Ge spectrum.
Fig. 2. Angular correlation of γ rays in coincidence with backscat-
tered α particles in run I. The filled circles (squares) designate the
data taken with the NaI detector in the negative (positive) quadrant.
In the case of runs III and IV, the excited Mg nuclei
decay predominantly in vacuum beyond the Gd target
foil, while moving with a velocity of around 10% c.
Under these conditions the angular correlation in the
laboratory frame is affected by the Lorentz transfor-
mation. The data were transformed to the rest frame
of the nucleus (see, e.g., [19]) and fitted to the theoret-
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(1)
W(θ) =
∑
k,q
√
(2k + 1)〈ρkq〉FkGkQkDk∗q0(0, θ,0),
where 〈ρkq〉 is the statistical tensor which defines the
spin alignment of the initial state, Fk represent the
usual F -coefficients for the γ -ray transition, Gk is the
vacuum deorientation attenuation factor, Qk is the at-
tenuation factor for the finite size of the γ -ray detector
and Dkq0, the rotation matrix, is equivalent to an as-
sociated Legendre polynomial. The statistical tensors
〈ρkq〉 were calculated using the code GKINP [20],
which integrates the Coulomb excitation cross sec-
tions [21] and averages the statistical tensors over the
opening angles of the particle detectors, and over the
energy-loss of the beam in the target. The solid angle
attenuation factors Qk were calculated for the γ -ray
detector geometry. Since the Fk coefficients are de-
termined by the angular momenta associated with the
γ -ray decay, only the vacuum deorientation process
involves quantities that cannot be calculated accu-
rately from the reaction geometry and the theory of
Coulomb excitation.
Since the ions emerge from the gadolinium layer
primarily as H-like ions, the vacuum deorientation ef-
fect can be described by a single parameter, qH, the
fraction of H-like Mg ions emerging from the gadolin-
ium foil into vacuum. Thus
(2)Gk(qH) = (1 − qH) + qHGmaxk ,
where Gmaxk = 1− k(k +1)/(2I +1)2 is the hard-core
value of the deorientation coefficient for H-like ions.
This value applies provided the nuclear lifetime is of
the order of a picosecond or longer, as is the case for
the 2+1 state of 24Mg.
Fig. 3 shows the particle–γ angular correlation for
run IV, transformed into the rest-frame of the nu-
cleus. The fit to the data gives qH = 0.451 ± 0.009,
in agreement with measurements of charge states for
ions emerging from Gd foils [22].
Precessions were extracted from the field-up/field-
down data and the measured angular correlations by
conventional procedures [1,2]. In runs I and II, the
experimental precession angle is related to the field
up/down counting asymmetry  by the expression
(3)θ =  ,
SFig. 3. Angular correlation of γ rays in coincidence with for-
ward-scattered 24Mg in run IV. The data are shown in the rest frame
of the nucleus. The filled circles and squares designate data taken
with the 12.7 cm by 12.7 cm NaI detectors, while the triangles show
the data taken with the 7.6 cm by 7.6 cm NaI detectors. The solid
line is a fit to Eq. (1) with only qH and the overall normalization as
free parameters. The amplitude of the correlation agrees with that
expected, once the calculated alignment due to Coulomb excitation
is corrected for vacuum deorientation.
where S = (1/W)(dW/dθ) is the logarithmic deriv-
ative of the angular correlation at the detection angle
+θγ and
(4) = 1 − ρ
1 + ρ .
The ‘double ratio’ ρ is derived from the counting rates
in the detectors at ±θγ , N(±θγ ), for field up (↑) and
down (↓) by
(5)ρ =
√
N(+θγ )↑
N(+θγ )↓
N(−θγ )↓
N(−θγ )↑ .
In runs III and IV, the same procedure applies, but
while ρ and  can be evaluated in the laboratory frame,
S must be evaluated in the rest-frame of the nucleus at
the angle corresponding to the laboratory detector an-
gle.
For each run, the precessions measured with the
different detector pairs agreed within experimental er-
rors. The average precessions are summarized in Ta-
ble 1.
The energies and velocities with which the Mg ions
entered and exited the gadolinium layers, as calculated
with the stopping powers of Ziegler et al. [23], are
presented in Table 2, along with the average effective
times for which the excited 24Mg nuclei were exposed
to the transient field, and the average transient-field
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Summary of results. LGd is the thickness of the Gd foil, Mrel is the relative magnetization of the Gd foil, and θ is the measured precession
angle
Run Ion LGd (mg/cm2) Mrel θ (mrad) −θ/(gMrel) (mrad)
I 2010Ne 6.2 1 −13.05 ± 1.03 24.2 ± 2.6
II 2412Mg 6.2 1 −13.72 ± 1.09 26.9 ± 2.4
III 2412Mg 6.0 1 −4.3 ± 2.5 8.4 ± 4.9
IV 2412Mg 16.9 0.91 ± 0.04 −16.8 ± 1.8 36.2 ± 4.4
Table 2
Kinematics and average transient-field strengths. Ei (Ee) are the energies with which the ion enters into (exits from) the ferromagnetic host.
vi/v0 and ve/v0 are the corresponding velocities. Formulae for the evaluation of the average ion velocity, 〈v/v0〉, the average transient-field
strength, 〈Btf〉, and the effective interaction time, teff, may be found in Ref. [24]
Run Ion Ei (MeV) Ee (MeV) vi/v0 ve/v0 〈v/v0〉 teff (ps) 〈v/Zv0〉 〈Btf〉 (kT)
I 2010Ne 30.6 5.1 7.86 3.20 5.72 0.48 0.57 1.05 ± 0.11
II 2412Mg 35.7 4.2 7.74 2.65 5.16 0.60 0.43 0.93 ± 0.08
III 2412Mg 150.8 138.9 15.9 15.3 15.6 0.12 1.30 1.45 ± 0.85
IV 2412Mg 135.4 91.5 15.1 12.4 13.8 0.41 1.15 1.83 ± 0.22strengths corresponding to that interaction time. In
runs III and IV, where the same Gd foil serves as both
target and ferromagnetic host, these average kinemat-
ical quantities were evaluated by integrating over the
energy-loss of the beam in the target and over the di-
mensions of the particle counter, with the integrand
weighted by the Coulomb-excitation cross section [20,
21]. The calculated average velocities with which the
Mg ions emerged into vacuum agreed within a few
percent of those derived from the Doppler shifts ob-
served in the Ge detectors at ±120◦. The average
transient-field strength 〈Btf〉, in Tesla, is related to the
precession per unit g factor given in the final column
of Table 1, by
(6)〈Btf〉 = − h¯
µN
θ
gMrel
1
teff
,
where teff is the effective time for which the ion inter-
acts with the transient field.
The model-based transient-field parametrization
proposed for light ions at high velocity in Ref. [6] is
(7)Btf(v,Z) = AZP (v/Zv0)2e− 12 (v/Zv0)4,
where fitting the previously available data [4,8,9,25–
32] for gadolinium hosts gave A = 26.7 ± 1.1 Tesla
for P = 2. Fig. 4 compares the present and previous
data with this parametrization, and the empirical lin-Fig. 4. Scaled transient-field strengths, Btf/Z2, as a function of ion
velocity, relative to the K-electron velocity, v/Zv0. The present
results (open symbols) are compared with previous measurements
[4,8,9,25–32], the linear velocity-dependent parametrization often
applied at low ion velocities [2], and the parametrization of the tran-
sient field proposed for high velocities in Ref. [6].
ear parametrization that is often used for light ions [2].
The new data for Ne and Mg ions with velocities be-
low Zv0 agree well with the previous data and the
systematics. The new high-velocity data for Mg ions
moving faster than Zv0 are also consistent with the
proposed parametrization. Indeed, a fit to the new and
old data together does not significantly change the pa-
86 A.E. Stuchbery et al. / Physics Letters B 611 (2005) 81–86rameters. The most important observation is that the
transient-field strength for Mg in gadolinium does not
fall suddenly to zero when the ion velocity exceeds
that of the K-shell electrons.
The measurement of run IV has a higher precision
than has been achieved previously for such high ion
velocities. For the first time the precision needed to
calibrate future g-factor measurements on fast beams
has been reached. In general, precise measurements
of the type reported here will be needed to define
the velocity- and Z-dependence of the transient field
for a specific ion–host combination of interest. How-
ever, the general trends of the parametrization pro-
posed in Ref. [6] are confirmed, giving confidence for
the pursuit of applications to g-factor measurements
on intermediate-energy radioactive beams.
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